Abstract: Brain-Computer Interfaces (BCIs) are devices that bypass the normal neuromuscular output pathways and translate a user's brain signal directly into action. Historically, BCIs were developed with the aim of restoring communication in completely paralyzed individuals and replacing lost motor function. In this work, we review recent developments towards the inclusion of BCI technology in the field of neurorehabilitation. Since years, our group at the Graz University of Technology, Austria, successfully researches and develops applications for noninvasive electroencephalogram-based (EEG) BCIs that are operated by modulation of sensorimotor rhythms. Our results demonstrate both the feasibility and possible utility of incorporating BCI technology into clinical practice.
Introduction
Brain tissue damage typically affects cognitive, emotional and physical aspects of human behavior. For recovering lost function, the nervous system has the capacity to reorganize neural pathways in response to environmental diversity. This ability of the central nervous system is known as neuroplasticity. Directed and early rehabilitation after brain injury aims at promoting neuroplasticity. Brain-Computer Interface (BCI) technologies allow monitoring and interpreting brain signals in real-time [1] . BCIs could thus be used to provide feedback on changes in brain activation that positively correlate with functional improvement before changes in behavior become evident. Here, we review some recent work in the field of noninvasive electroencephalogram-based (EEG) BCI-assisted neurorehabilitation conducted at the Graz University of Technology. The review is divided into three parts. Firstly, we review our latest developments on EEG-based communication and control [2, 3] . Communication problems after brain injury are very common. Providing systems that enable basic communication in clinical settings can be very helpful. Secondly, using the example of gait rehabilitation, we outline how BCI technology can be helpful for assessing active participation of individuals during rehabilitation [4, 5] . Active participation is essential for successful rehabilitation. Thirdly, we present our first prototype of game-based functional motor mapping [6, 7] . Our aim is to develop systems that allow unobtrusively measuring motor and brain activity while individuals are engaged in computer games that require them to perform functionally meaningful tasks. Finally, we summarize the results of our work and provide an outlook on further development.
BCI technology in nerorehabilitation
Auto-calibration and self-optimizing BCIs System calibration and user training is essential for operating BCIs that are controlled by modulation of the user's own brain rhythms [1] . Users have to learn to consistently generate EEG patterns that the machine can reliably detect. We recently introduced an adaptive BCI framework, which adapts its parameters in real-time to fit the users brain activity pattern [2] . Experiments in able-bodied individuals confirmed the validity of the proposed approach as ten (seven) out of twelve naive users achieved binary classification accuracies ≥70% (80%) within a 90 minutes time limit. We are currently updating the parametrization to allow better characterization of EEG patterns in disabled individuals. Extensive offline simulations of real-time operation, using data previously recorded from five individuals with spinal cord injury (SCI) and four survivors of stroke, revealed performances ≥ 70% in seven out of the nine individuals after about 30 minutes of training [3] . Currently, real-time experiments are being performed in groups of individuals suffering from SCI and stroke. Experiments are still ongoing, however, first results suggest that achievable performances are comparable to those of able-bodied users.
Assessing participation during robot assisted walking Active participation and contribution to motor rehabilitation is essential for encoding motor memory. Hence, the possibility to monitor an individual's level of participation would allow therapists to better design and tailor rehabilitation protocols to individual needs and capabilities. With the aim of developing models that more accurately characterize the interplay between behavior (brain function) and brain structure, we started studying neural correlates of motor function [8] and the underlying mechanisms of motor control [4, 5, 9, 10] . Results of a basic study on active and passive walking with the robotic gait orthosis Lokomat (Hokoma, Switzerland) in able-bodied individuals revealed significant differences in cortical activation between active and passive movements [4] . Based on the above developed models and methods, we evaluated the feasibility to assess the level of participation using EEG by classifying between active and passive movements during robotic assisted gait training in ablebodied individuals [5] . Off-line simulations revealed physiologically relevant patterns over central and parietal brain areas in five out of the six participants. Identified EEG patterns for active versus passive walking could be classified with an average accuracy of 68% ± 8% by using a 10-times 10-fold cross validation statistic. These results suggest that classification of active and passive walking from the EEG is challenging but feasible.
Game-based functional brain mapping One of our long-term goals is to study the effect of motor rehabilitation on neuroplasticity in individuals suffering from stroke and cerebral palsy. To achieve this goal, we need a practical data collection paradigm to be used during inpatient rehabilitation. Main features of the system include (i) the ability to track movements in an unobtrusive way and (ii) to allow users to perform functionally meaningful tasks in natural settings. Recently, we proposed the use of the Kinect motion tracking sensor (Microsoft, Inc., Redmond, WA, USA) in a gamebased paradigm for non-invasive EEG-based functional motor mapping [7, 6] . Results from an experimental study with able-bodied subjects playing a virtual ball-game suggest that the Kinect sensor is useful for isolating specific movements during the interaction with the game, and that the computed EEG patterns for hand and feet movements are in agreement with results described in the literature. We are currently extending the game paradigm and (i) enhance the movement repertoire, (ii) add language based interaction with the game and (iii) add wireless EEG capabilities. This will allow users to perform behavioral tasks in a more natural setting and enable us to study brain activity and brain dynamics of functional behavior.
Summary and Discussion
This paper summarizes our efforts towards the adaptation of BCI technology for practical use in a clinical setting, and for its inclusion in neurorehabilitation. Special emphasis is put on the development of communication and monitoring applications that are easy to setup and use [2, 7] , and hence are more likely to be accepted for clinical use. Additionally, we study mechanisms of motor control and EEG-correlates of motor function [8, 4, 5, 10, 9] . Gained knowledge will enable us to build better predictive models that more accurately characterize the interplay between brain activity, therapeutic intervention and functional outcome, and hence are more useful to monitor and document neuroplasticity. Future efforts will focus on the validation of developed methods in disabled individuals.
